Preserved cognitive performance is one of the key contributors to successful aging. 39 The processing speed theory and prefrontal executive theory -are competing 40 theories regarding the general causes of cognitive aging. Here, we used a 41 theoretically-driven framework to investigate the neural correlates of older adults 42 with preserved processing speed. Older adults with youth-like processing speed 43 (SuperAgers) were compared with normal aged adults (TypicalAgers) using 44 neuroimaging methods. Global cerebral blood flow (CBF) accounted for 45 approximately 45% of the variance in processing speed, while neither regional CBF 46 nor other structural measures predicted additional variance. In addition, despite 47 having significantly cortical thinning, SuperAgers still shown comparable global 48 CBF levels with young adults. These results support the global mechanism 49 suggested by processing speed theory and indicate that global CBF may serve as a 50 biomarker of cognitive aging. 51 52 53 56
Introduction

54
The world population is aging at an unprecedented rate (Nations, 2015) . Individuals 55 are living longer and are expected to survive into their 70s and even 80s on average. Page 3 of 34
Various theories and models have been proposed regarding the mechanisms driving 66 cognitive aging. The processing speed theory and the prefrontal executive theory 67 are two competing theories that are among the most influential and empirically 68 tested accounts of age-related cognitive decline (Albinet et al., 2012) . The 69 processing speed theory proposed by Salthouse in 1996 suggests that age-related 70 cognitive decline can be accounted for by the global mechanism of generalized 71 slowing of cognitive processing (Salthouse, 1996) (see methods for detailed 72 definition of processing speed). The generalized slowing has been associated with 73 reduced global white matter connectivity as indicated by decreased white matter 74 integrity and increase white matter lesion load (Cabeza et al., 2016) . Interestingly, 75 other global neural measures not directly related to brain connectivity, such as brain 76 volume and cerebral blood flow (CBF), have also correlated with processing speed 77 (Rabbitt et al., 2007; Rabbitt et al., 2006) . On the other hand, the prefrontal 78 executive theory states that local structural and functional changes in the frontal 79 cortex lead to a decline in executive function, which in turn produces more general 80 cognitive deficits (West, 1996) . Evidence for each these theories has included work 81 demonstrating that after controlling for processing speed or executive function, age-82 driven differences in high-level cognitive functions are reduced (Anderson et al., 83 2010; Deary et al., 2010) . In addition, behavioral studies have shown that these two 84 theories are not mutually exclusive but share some variance (Albinet et al., 2012) . 85 Specifically, executive functions and processing speed each can explain parts of 86 age-related variance on cognition, and they are not mutual exclusive (Albinet et al., 87 2012). 88 89 Examining the neural correlates of older individuals with preserved cognitive 90 functions relative to young adults, i.e. SuperAgers, has been suggested as a 91 promising way to investigate successful cognitive aging and could potentially guide 92 the search for means to improve cognitive decline in older adults (Depp and Jeste, 93 structural neuroimaging to examine cerebral blood flow, whole brain volume, and 95 cortical thickness in cognitively normal older adults stratified into typical agers 96 (TypicalAgers) and "super" agers (SuperAgers) based on their performance on a 97 simple and well-validated measure of processing speed, i.e. the psychomotor 98 vigilance test (PVT). 99 
100
It has been well documented that in older adults, big brain-structure size is usually 101 associated with better cognitive performance, especially for frontal regions and 102 executive functions (see Kaup Taken together, the processing speed theory suggested reduced processing speed in 111 TypicalAgers will be associated primarily with global brain measures, such as 112 global CBF or mean cortical thickness of whole brain, while prefrontal executive 113 theory posits that reduction in processing speed will be associated primarily with 114 focal (prefrontal) measures. Alternatively, since these theories are not mutually 115 exclusive, it is also possible that focal and global brain measures each account for 116 unique variance in processing speed. In addition to these theories, previous studies 117 indicated that SuperAgers will likely have bigger brain structure (i.e. thicker gray 118 matter) and greater brain response (i.e. higher CBF during task) than TypicalAgers. 119 More evidences are in need to reveal the underlying mechanism of the "SuperAger 
Discriminating SuperAgers and TypicalAgers
167
To investigate potential global effects, the whole-brain mean resting CBF, whole-168 brain task CBF, whole brain mean cortical thickness, cortical gray matter and white 169 matter volume of each subject were extracted. Analysis of covariance (ANCOVA) 170 covaried for age, sex and education revealed significant group differences in 171 functional and structural global measurements in the three groups (Table 2) , 172 including differences in whole-brain CBF during PVT task (F(2,68) = 21.4, p <10 -173 7 ) and at rest (F(2,68) = 18.5, p <10 -6 ), mean cortical thickness (F(2,68) = 100.9, p 174 <10 -20 ), as well as cortical gray matter volume (F(2,68) = 85.8, p <10 -18 ). Post-hoc 175 analyses results, reported in Table 2 , demonstrated that the major differences 176 between SuperAgers and TypicalAgers were found in whole-brain task and rest 177 CBF (all p < 0.001 corrected with large Cohen's d). Also, SuperAgers had 178 significantly more cortical gray matter than TypicalAgers (p < 0.05 corrected with 179 relatively small Cohen's d). It is also worth noting that no differences in whole-180 brain task or rest CBF were found between YC and SuperAgers (all p > 0.05), while 181 this was not the case between YC and TypicalAgers (all p < 0.001 corrected).
183
In addition to global measurements, the mean resting CBF, task CBF and cortical 184 thickness of each ROI shown in Figure 1B were extracted as local measurements. 185 Significant group differences, tested by ANCOVA accounting for age, sex, and 186 education, between SuperAgers and TypicalAgers were seen in CBF measurements 187 during the PVT task and at rest (see Figure 2 ). Midline structures in the frontal lobe, 188 (i.e. mPFC) exhibited group differences at a trend level in cortical thickness (t(30) = 189 3.2, p = 0.003, p >0.05 after correction). 190 191 To further illustrate the differences between the three groups, bar plots of each of 192 the regional or global functional and structural measurements for each of the three 193 groups without adjustment for covariates are shown in Supplementary Figure S3 in 194 Supplement C. Qualitatively, we observed that regional resting and task CBF in 195 SuperAgers were more similar to YC compared to that of the TypicalAgers. 1 not significant after controlling whole-brain CBF during psychomotor vigilance test task 226 2 not significant after controlling whole-brain CBF at rest 227 228 229
Correlations between CBF and mean reaction time
230 CBF during the PVT task and at rest were significantly correlated with mean RT 231 (Table 3) . However, none of these correlations remained significant when including 232 the corresponding global measurement (i.e global measure of task CBF, rest CBF 233 and thickness for ROI-based task CBF, rest CBF and thickness measures 234 respectively) as a covariate. Figure 3 shows a scatter plot of age, sex and education-235 adjusted mean RT and global CBF during the PVT task, which was the most 236 predictive measurement for processing speed (r = 0.71, p < 0.001). Cortical 237 thickness measures in ROIs and total cortical gray matter were not predictive of Voxel-wise partial correlation analyses between resting and task CBF and mean RT 243 (Supplement D) demonstrated that both resting and task CBF across a majority of 244 brain regions is significantly correlated with mean RT (Supplementary Figure S4 ). 
Discussion
256
The principal purpose here was to examine the neural correlates of persevered 257 processing speed in SuperAgers. The present findings demonstrate that preserved 258 processing speed in SuperAgers is associated with global CBF both at rest and more 259 so during PVT task performance, rather than with regional CBF. SuperAgers 260 showed global rest and task CBF values that were not significantly different from 261 young controls, despite having significantly thinner cortical thickness and lower 262 regional CBF in frontal regions. This effect was observed even after controlling for 263 demographic factors such as age, gender, and education, as well as other brain 264 measurements such as whole brain volume and cortical thickness. example, by using phase-contrast MRI, these studies did not assess regional CBF. It 283 is possible that the use of total CBF masked regional relationships, as Steffener et 284 al. (2013) showed that distributed regional CBF correlated with processing speed 285 measures in older adults. The current study extended previous studies by 286 demonstrating that the correlation between regional CBF and processing speed in 287 older adults might be fully driven by the global CBF. In addition, the global CBF 288 during task explained more variance in processing speed as compared to the global resting CBF, suggesting that task CBF might be more sensitive to the processing 290 speed in older adults and should be considered as one biomarker for processing 291 speed in the future. This notion is in line with previous studies, which demonstrated 292 that task-state CBF may be more associated with cognitive decline ( The fact that global, but not regional CBF accounted for the processing speed in 296 older adults provides an additional neural evident for the processing speed theory. 297 According to this theory, degraded cognitive functions in old age is due to the 298 global mechanism of the slowed processing speed, which limits the ability to 299 simultaneously process a certain amount of information needed for higher level 300 cognitive functions (Salthouse, 1996) . This generalized slowing is associated with association is that as CBF is tightly coupled with brain metabolism (Raichle, 1998) , 313 reduced global CBF and brain metabolism likely reflect global neuronal 314 dysfunction. Therefore, reduced CBF is leading to less efficient brain and decreased 315 processing speed. This hypothesis needs to be tested in future studies. prefrontal cortices were found between SuperAgers and TypicalAgers, suggesting 328 the executive function might be different between these two groups as well. 329 Nonetheless, neither thickness within medial prefrontal cortex nor other cortical 330 thickness measurement were correlated with processing speed. Taken together, although regional structural and functional differences were found 346 between SuperAgers and TypicalAgers, it is the global functional measure CBF that 347 explained the most variance in processing speed. In addition, as indicated in 348 Supplementary Figure S3 , it is surprising that with similar amount of significant 349 cortical thinning as TypicalAgers (much lower compared to young adults), 350 SuperAgers are able to preserve youth-like processing speed and to maintain 351 youthful global CBF. These results provide further evidence that a simplified model 352 of "bigger brain structure, better cognitive performance" may not be sufficient in 
Limitations
358
There are several limitations to this study. First, as we did not directly test executive 359 function in the current study, it is possible that executive functions were not 360 different between SuperAgers and TypicalAgers, and hence here the focal regions 361 did not contribute to the processing speed difference between the two groups. 362 However, previous studies have shown that the majority of the age-related variance 363 in executive functions is shared with processing speed (Albinet et al., 2012; Luszcz, 364 2011). In addition, substantial differences were found in prefrontal regions, in terms 365 of both cortical thickness and CBF measures, between these two groups, suggesting 366 executive functions differences might be also differ between SuperAgers and 367 TypicalAgers. Second, it remains an open question whether the SuperAgers in the 368 present sample were also top performers in their youth. Based on our results, it is 369 possible that young adults with higher processing speed performance were resilient 370 against age-related CBF decline and remained top performers as they aged. 371 Longitudinal studies are still needed to test this possibility. Third, the current study 372 used only one processing speed measure, which raises a question of whether these 373 results are task-specific. Salthouse (2000) found that all six speed measurements using different tasks, including reaction time, are highly intercorrelated and that 375 age-related effects on an individual speed measure can be largely explained by 376 other speed measures. Thus, it is likely that our results can be repeated by using 377 other measures of processing speed. 2008) with a 2D gradient-echo echo planar imaging (GR-EPI) readout was used in 451 both protocols to measure regional cerebral blood flow (CBF). All participants were 452 scanned during a 'resting' and a 'task' sequence. To further investigate whether structural measurements provide complementary 571 information in predicting mean RT, a two-step, hierarchical linear regression was 572 performed with age, sex, and education entered in the first step, and with whole-573 brain task and resting CBF and structural measurements, including ROI-based and 574 whole-brain mean cortical thickness, gray matter volume, and white matter volume 575 in the second step. All of the statistical analyses were repeated using CBF measurements without 750 correction for a partial volume effect. The results, shown in Table S1 , Table S2 , and 751 Figure S1 are similar to those with partial volume correction. Similarly, the two- Table S2 . Partial Pearson correlations between global and ROI-based functional 764 measurements without correction for partial volume effect and mean reaction time, 765 with age, sex and education as covariates. 1 not significant after controlling whole-brain CBF during psychomotor vigilance test task 770 2 not significant after controlling whole-brain CBF at rest 771 772 773 774 
